Scrub typhus is an infectious disease caused by Orientia tsutsugamushi and is transmitted through the bite of trombiculid mites. It is a major acute febrile disease in the Asia-Pacific region (1) . Fever, chills, headache, myalgia, and skin rashes occur 1 to 2 weeks after mite bites, and the occurrence of characteristic eschars is helpful for early diagnosis (18) . Scrub typhus generally runs a mild clinical course and shows a good response to antibiotic therapy. However, if diagnosis is delayed, serious complications, such as interstitial pneumonia, acute renal failure, meningoencephalitis, gastrointestinal bleeding, and multiple organ failure, may develop, leading to death (10, (22) (23) (24) (25) . Thus, a method for rapid diagnosis is indispensable for successful treatment. Serologic tests such as the indirect immunofluorescence assay (IFA), immunoperoxidase test, enzyme-linked immunosorbent assay (ELISA), and passive hemagglutination test (PHA) are currently in widespread use. Since these serologic tests have low sensitivities in the early stage of scrub typhus due to insufficient production of antibodies, frequent follow-up tests are needed (2) . Detection of specific O. tsutsugamushi genes has been used for the rapid diagnosis of scrub typhus, and nested PCR (N-PCR) is widely used to improve the sensitivity of conventional PCR (C-PCR) (3, 4, 13) . In addition, real-time quantitative PCR (Q-PCR) targeting a specific gene permits the diagnosis of scrub typhus within 2 h and has high sensitivity and specificity (5) . However, there have been few studies comparing the abilities of the three aforementioned PCR methods (C-PCR, N-PCR, and Q-PCR) to detect the same O. tsutsugamushi-specific target gene. Therefore, we have compared the results of the indirect IFA, the "gold standard" test for the diagnosis of scrub typhus, to those obtained by C-PCR, N-PCR, and Q-PCR of the O. tsutsugamushi 47-kDa gene. For comparative purposes, a set of primers for the 56-kDa gene was used. Additionally, for the relative quantification of O. tsutsugamushi per volume of a patient's whole blood, we also performed real-time DNA PCR analysis of the human GAPDH gene, along with the O. tsutsugamushi 47-kDa gene.
MATERIALS AND METHODS
Bacterial strains and media. The standard bacterial strains used in this study were purchased from the American Type Culture Collection (ATCC), the Korea Culture Center of Microorganisms (KCCM), and the Korean Collection for Type Cultures (KCTC) ( Table 1 ). All ordinary bacterial species used in this study were cultured on Luria-Bertani (LB) broth, brain heart infusion (BHI) broth (Difco, Lawrence, KS), or LB agar (Difco). The rickettsial strains were obtained from the Australian Rickettsial Reference Laboratory (ARRL).
Cloning of O. tsutsugamushi 47-kDa gene and human GAPDH gene. The 47-kDa gene was amplified using genomic DNA of the O. tsutsugamushi Karp strain as the template. The PCR conditions consisted of an initial denaturation at 94°C for 5 min and 39 cycles of 30 s at 94°C, 30 s at 56°C, and 1 min at 72°C, with a final extension of 10 min at 72°C. The amplified 622-bp product was cloned into the pGEM-T Easy vector using T/A cloning methods. The protocol for cloning of the human GAPDH gene was the same as the protocol for cloning of the 47-kDa gene, except different primers (Gint11 and Gint12; see below) were used and human genomic DNA was used as the template. The plasmid DNA was sent to Daejeon SolGent Co., Ltd., for sequencing.
Primers and probe. The primers and probes used in this study are summarized in Table 2 . A diagram of the locations of the primers and probes is shown in Fig.  1 . The probe OtsuPR665 and primers OtsuFP630 and OtsuRP747 were designed as described by Jiang et al. (5) . The probe was labeled at the 5Ј end with 6-carboxyfluorescein (FAM) and at the 3Ј end with black hole quencher 1 (BHQ-1). All primers except the Q-PCR primers and probe were designed with the Basic Local Alignment Search Tool (BLAST) database search program and the Primer 3 program from the National Center for Biotechnology Information (NCBI) (8) . The 47-kDa gene assay was compared with an assay based on the nucleotide sequences of the 56-kDa antigen of a Gilliam strain of O. tsutsugamushi (3). For molecular quantification of patients' white blood cells (WBCs), we used primers Gint21 and Gint22, from intron 2 of the GAPDH gene. The Gint23 probe was labeled at the 5Ј end with FAM and at the 3Ј end with BHQ-1.
PCRs. (i) C-PCR. Bacterial DNA was extracted using a QIAamp DNA minikit (Qiagen, Hilden, Germany), according to the manufacturer's instructions, and was used as the template for the PCR. The C-PCR targeting the 47-kDa gene was performed in 20-l reaction volumes containing 10 l of 2ϫ Excel Taq premix (Corebiosystems, Seoul, South Korea), 2 l of the template DNA, and 1 l each (5 pmol) of the OtsuFP630 and OtsuRP747 primers. The PCR conditions consisted of denaturation at 94°C for 10 min, followed by 30 cycles, each consisting of denaturation at 94°C for 1 min, annealing at 60°C for 1 min, and extension at 72°C for 1 min. The final elongation step was prolonged for 7 min at 72°C. Additionally, the 56-kDa gene C-PCR was performed in 20-l reaction volumes containing 2 l of template DNA, 5 pmol of each primer (P10 and P11), and 10 l of 2ϫ Excel Taq premix (Corebiosystems). The PCR conditions consisted of an initial denaturation at 94°C for 5 min, followed by 35 cycles of denaturation at 94°C for 1 min, annealing at 63°C for 1 min, and extension at 72°C for 1 min. The final elongation step was prolonged for 7 min at 72°C.
(ii) N-PCR. The first round of N-PCR for the amplification of the 47-kDa gene was performed under the same conditions used for the C-PCRs, except that the annealing step was at 56°C for 1 min and 10 pmol of each primer (OtsuFP555 and OtsuRP771) was used. The second round of N-PCR for the 47-kDa gene was performed using the first PCR product as the template DNA and 10 pmol/l of each primer (OtsuFP630 and OtsuRP747). The second-round PCR conditions involved an initial denaturation at 94°C for 10 min, followed by 25 cycles, each consisting of denaturation at 94°C for 30s, annealing at 60°C for 30s, and extension at 72°C for 1 min, with a final extension for 7 min at 72°C.
The first round of N-PCR for the 56-kDa gene was performed under the same conditions used for the C-PCRs, except the annealing step was performed at 61°C and 5 pmol/l of each primer (P34 and P55) was used. The second round of N-PCR for the 56-kDa gene was performed using the first-round PCR product as the template DNA and 5 pmol/l of each primer (P10 and P11). The secondround PCR conditions involved an initial denaturation at 94°C for 5 min and 30 cycles of 30 s at 94°C, 30 s at 63°C, and 1 min at 72°C, with a final extension for 7 min at 72°C. Statistical analysis. The sensitivities and specificities of the PCR assays were analyzed using the MedCalc software program (Mariakerke, Belgium) (20) . Statistical significance was bestowed on data with P values of Ͻ0.05. A 4-fold or more increase in antibody titer against O. tsutsugamushi, as measured by IFA, was used to evaluate sensitivity and specificity under the receiver operator characteristic (ROC) curve. The diagnostic accuracies of the three PCR assays were compared using the MedCalc software program (20) .
RESULTS
Detection sensitivity. The plasmid detection sensitivities of C-PCR, N-PCR, and Q-PCR were 5 ϫ 10 4 copies/l, 5 copies/ l, and 50 copies/l, respectively (data not shown). However, in the detection sensitivity system using genomic DNA, the detection sensitivities of N-PCR and Q-PCR were 64-fold and 16-fold, respectively (Cp, 37.7; 426 copies/l of genomic DNA from a buffy coat sample), but C-PCR could not detect the 47-kDa gene of O. tsutsugamushi in undiluted genomic DNA from a buffy coat sample (Fig. 2) .
Relative quantification of O. tsutsugamushi in whole blood. At the 16-fold dilution, the copy number and GE of GAPDH were 1.1 ϫ 10 5 copies/l (Cp, 22.64) and 5.5 ϫ 10 4 GEs/l, respectively. Therefore, the relative concentration of O. tsutsugamushi at a 16-fold dilution was 0.0078 organism/one WBC cell and 117 organisms/l of whole blood, because the WBC count of the patient was 1.5 ϫ 10 4 cells/l of whole blood. Detection specificity. The detection specificities of the 47-kDa and 56-kDa PCR assays were assessed using various rick- Sensitivity and specificity using patient blood samples. In scrub typhus patients, C-PCR targeting the 47-kDa gene gave a positivity rate of 7% (3/41 samples). In contrast, N-PCR Comparison of the diagnostic accuracies of the three assays in patients with scrub typhus. In the scrub typhus patients, the C-PCR for the 47-kDa gene had a sensitivity of 7.3% (95% confidence interval [CI], 1.6 to 19.9) and a specificity of 100% (95% CI, 87.9 to 100). In contrast, the N-PCR had a sensitivity of 85.4% (95% CI, 70.8 to 94.4) and a specificity of 100% (95% CI, 93.1 to 100). If we adopted a negative-cutoff value of 38 Cp for the Q-PCR, it had a sensitivity of 82.9% (95% CI, 67.9 to 92.8) and a specificity of 100% (95% CI, 93.1 to 100).
The areas under the curve (AUCs) for the 47-kDa N-PCR and Q-PCR were 0.93 (95% CI, 0.84 to 0.98; P ϭ 0.743) and 0.92 (95% CI, 0.82 to 0.97), respectively. However, the AUC of C-PCR for the 47-kDa gene was 0.54 (95% CI, 0.41 to 0.66), which was significantly different from the AUCs of Q-PCR and N-PCR (Q-PCR versus C-PCR, P Ͻ 0.001; N-PCR versus C-PCR, P Ͻ 0.001). On the other hand, the 56-kDa C-PCR had a sensitivity of 0% (95% CI, 0 to 8.7), a specificity of 100% (95% CI, 93.1 to 100), and an AUC of 0.55 (95% CI, 0.44 to 0.65), which were not significantly different from those of the 47-kDa C-PCR (47-kDa C-PCR versus 56-kDa C-PCR, P ϭ 0.67). The 56-kDa N-PCR had a sensitivity of 87.8% (95% CI, 73.8 to 95.9), a specificity of 100% (95% CI, 93.1 to 100), and an AUC of 0.94 (95% CI, 0.87 to 0.98), which, again, were not statistically different from those of the 47-kDa N-PCR (47-kDa N-PCR versus 56-kDa N-PCR, P ϭ 0.67).
DISCUSSION
Scrub typhus runs a mild clinical course and responds well to proper antibiotic therapy. However, in patients with a delayed diagnosis, it may cause fatal complications (21) . Thus, a rapid diagnosis of scrub typhus is essential for successful treatment. PCR assays have been widely used for rapid identification of fastidious organisms or rickettsiae that are difficult to cultivate. Murai et al. (13) have reported that C-PCR requires 20 ng of DNA for detection. As N-PCR requires only 200 pg of DNA, N-PCR is 100 times more sensitive than C-PCR. Q-PCR is useful for rapid diagnosis of scrub typhus because it takes only 2 h and it is helpful in evaluating the response to treatment and clinical outcome. However, Q-PCR has the disadvantage of high financial cost. N-PCR also has some disadvantages: it requires more time than Q-PCR or C-PCR, and there is a higher risk of spurious results due to DNA contamination (12) . There have been few studies comparing the diagnostic accuracies of C-PCR, N-PCR, and Q-PCR against the same target gene specific for O. tsutsugamushi. We selected the 47-kDa gene, which encodes an outer membrane protein/antigen also known as the high-temperature-requirement A protein (HtrA), as the target DNA, since this was the only gene for which well-verified real-time PCR results were available (5) . The htrA gene is induced by environmental stress, such as high temperature, and proteins of this family from Escherichia coli, Rickettsia prowazekii, Haemophilus influenzae, Brucella abortus, and even eukaryotic organisms, including humans, are known (9) .
Primers OtsuFP630 and OtsuRP747 were designed on the basis of the 47-kDa gene sequence, which is conserved in the Karp, Kato, Gilliam, Boryong, and TH187 strains of O. tsutsugamushi. The sequence is not detected in the htrA genes of other genera related to Rickettsia or its human homologues. For Q-PCR, the Cp values adopted for cultured organisms are usually lower than those adopted for clinical specimens, such as blood, tissue, fluid, and biopsy samples (15) (16) (17) . Generally, a Cp value of Ͼ30 or Ͼ28 is regarded as a negative result for Q-PCR of cultured organisms, whereas a Cp value of Ͼ40 or Ͼ38 is regarded as a negative result for Q-PCR of clinical specimens, such as blood, stool, and biopsy samples (8, 19) . We adopted a Cp value of Ͼ38 as a negative outcome for Q-PCR of blood and a cutoff Cp value of Ͼ30 for Q-PCR of cultured bacterial and rickettsial isolates. The 47-kDa gene cloned into plasmid DNA was detected at up to a dilution of 5 ϫ 10 4 copies/l by C-PCR and 5 copies/l by N-PCR. Plasmid DNA could also be detected down to 50 copies/l under the same conditions as the Q-PCR. However, plasmid gene copies are of little value, as these do not represent true sensitivity generalized to clinical samples. Therefore, we selected buffy coat samples from a scrub typhus patient to determine true detection sensitivities. The genomic detection sensitivity of Q-PCR targeting the 47-kDa gene was 16-fold (Cp, 37.7; 426 copies/l of genomic DNA from a buffy coat using plasmid standard curves). N-PCR targeting the 47-kDa and 56-kDa genes showed similar sensitivities, with detection at up to a 64-fold dilution ( Fig. 2A and B) .
For relative quantification of O. tsutsugamushi bacteria per volume of whole blood, we also performed real-time DNA PCR analysis of the human GAPDH gene, along with the O. tsutsugamushi 47-kDa gene. The general idea of this analysis was induced from enumeration of the malaria parasite density in peripheral blood smears using the WBC count as a reference (24) . The genomic detection sensitivity for relative quantification using the WBC count (1.5 ϫ 10 4 cells/l) as a reference was 117 organisms/l of whole blood. In clinical practice, for patients with scrub typhus, C-PCR and N-PCR targeting the 47-kDa gene gave positivity rates of 7% (3/41) and 85% (35/ 41), respectively. According to our detection sensitivity data and comparison of the results of molecular assays using patient blood samples, this study showed that N-PCR is much more sensitive than C-PCR for the diagnosis of scrub typhus. If we adopted a negative-cutoff value of Ͼ38 Cp for Q-PCR using patients' blood, Q-PCR had 83% (34/41) positivity for scrub typhus patients and 0% (0/52) for non-scrub typhus patients. N-PCR and Q-PCR targeting the 47-kDa gene gave falsenegative results for 6 and 7 out of the 41 patients with scrub typhus, respectively (data not shown). If we exclude one patient who was positive for N-PCR but negative for Q-PCR, the results of N-PCR were concordant with those of Q-PCR in all patients (data not shown). It is generally recognized that the 56-kDa protein is the major cell membrane antigen of O. tsutsugamushi and the major immunodominant antigen. It has been widely used to diagnose scrub typhus because it contains both group-specific and type-specific epitopes (14) .
Since the 56-kDa gene is used much more frequently in clinical practice than the 47-kDa gene, we also compared the C-PCR and N-PCR results for the 47-kDa gene with those for the 56-kDa gene. C-PCR targeting the 56-kDa gene was negative for all 41 patients with scrub typhus; however, N-PCR for the same target gene showed a positivity rate of 87.8%. The results of the C-PCR and N-PCR assays for the 56-kDa gene were not significantly different from those for the 47-kDa gene.
In conclusion, Q-PCR and N-PCR targeting the O. tsutsugamushi-specific 47-kDa gene are more sensitive than C-PCR for detection of the organism in patients with suspected scrub typhus. In particular, Q-PCR is the assay of choice, as amplicon containment is easier to achieve and the rapid turnover of the assay gives it the edge over the other assays.
